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A single-crystalline epitaxial film of GaAs has been grown on Si using an ionized cluster beam 
technique. The native oxide layer on the silicon substrate was removed at 550 DC by use of an 
accelerated arsenic ion beam, instead of a high-temperature desorption. During the growth the 
substrate temperature was maintained at 550°C. Transmission electron microscopy and electron 
diffraction data suggest that the GaAs layer is an epitaxially grown single-crystalline layer. 
I. INTRODUCTION 
In common practice today, there are several material growth 
techniques that are particularly suitable for the sequential 
growth of epitaxial thin films, which are required for the 
fabrication of compound semiconductor optoelectronic de-
vice structures. In general, these techniques can be classified 
into three different categories: molecular-beam epitaxy 
(MBE), 14 vapor phase epitaxy (VPE), 5 7 and liquid phase 
epitaxy (LPE). 8-10 Described in this paper are the prelimi-
nary results from yet another thin-film growth technique, 
known as ionized cluster beam (ICB) deposition, II which 
has recently been employed to grow an epitaxial thin GaAs 
film on Si. 
I CB deposition is a technique which shares the advantages 
of "conventional" beam-assisted deposition, but may over-
come some of its limitations. Although the actual mecha-
nisms of ICB deposition have not yet been elucidated, it is 
believed that they are similar to ion beam deposition in that 
energy is supplied to the growing film surface by an ion beam 
thus allowing for localized atomic motion and rearrange-
ments. There is, however, an important difference. The ener-
gy of an ionized cluster is shared by all atoms in the cluster so 
that individual atom energies are very low even when the 
individual clusters themselves contain substantially high en-
ergies. Thus, sufficient energy can be supplied to a localized 
region to stimulate atomic motion, but without anyone atom 
gaining sufficient energy to become implanted or to create 
point defects. In principle, therefore, ICB deposition offers a 
novel way to produce thin films, and for some applications, it 
may have important advantages over conventional MBE or 
beam-assisted deposition methods. 
The application of! CB deposition to the growth of high-
quality films has, indeed, been demonstrated. Takagi and co-
workers have shown, for example, that epitaxial Al films 
could be grown on Si at temperatures as low as room tem-
perature. 12 They have reported other successes with a va-
riety of source materials and substrates; these include met-
als, intcrmetallic compounds, semiconductors, oxides, 
nitrides. carbides, fluorides, and even organic materials. 13. 14 
In most of this work, the main objective was to produce 
highly adhesive, smooth coatings; although with a few mate-
rials, the Takagi group was also able to grow thin films of 
controllable crystalline structure and optical properties. 14 In 
spite of these apparent "successes," the work of Takagi et al. 
has been controversial ever since it was first reported in 
1972, mainly because they have failed to characterize their 
cluster beams for size and energy distributions. Moreover, 
there has been very little research on determining what films 
can be grown on what substrates, the conditions of growth, 
and very importantly, the quality of the films and the perfec-
tion of the interfaces. 
Our work with ICB's at the University of Illinois, which 
began just over three years ago, has concentrated mainly on 
compound semiconductors, metals with known applications 
in microelectronics, and catalytic materials. The principal 
objective of this work has been twofold: (i) to study the 
fundamental physical processes controlling the cluster for-
mation and Oi) to evaluate the unique capabilities, as well as 
limitations, of the ICB technique for various scientific appli-
cations of current interest. The results that we have obtained 
to date arc still preliminary; nevertheless, by growing an epi-
taxial GaAs film on Si at a low temperature using a dual-
beam configuration, by producing Zn and Al clusters, and 
by fabricating crystalline catalytic Ni particles having sizes 
in the range 10-1000 A, we have clearly demonstrated that 
the ICB technique is both promising and versatile. 
Presented in this report is an account of the work on the 
growth of GaAs thin films on Si using the ICB deposition. 
The apparatus, specifically designed and fabricated for the 
present work, and the experimental procedures used are de-
scribed in Sec. II. The results obtained with the apparatus 
are presented and discussed in Sec. III, along with the micro-
analysis results of the grown films. Section IV contains the 
summary and concluding remarks. 
II. EXPERIMENTAL APPARATUS AND PROCEDURES 
The ICB deposition (ICBD) system specifically con-
structed for the present study is shown in Fig. 1. Two sepa-
rate crucibles, one for As and the other for Ga, are used to 
independently control the temperature of the source materi-
al in each crucible. In this respect, ICBD is similar to MBE. 
The similarity between ICBD and MBE, however, stops 
here since in ICBD the crucible is covered with a cap having 
a small flow-constricting nozzle which allows one to main-
tain a much higher vapor pressure inside the crucible than 
that ofMBE. It is because of this nozzle that the vapor com-
ing out of the crucible adiabatically expands into a vacuum 
resulting in small aggregates of atoms, namely, "clusters." 
Once produced, these clusters are impact ionized using 
thermionic electrons, accelerated in an electric field, and de-
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livered to a heated substrate for material deposition. The 
ratio of ionized to neutral clusters in the ionized cluster 
beam, the energy with which the ionized clusters impinge 
upon the substrate, the size of clusters, and the substrate 
temperature then become the parameters controlling the 
morphology, smoothness, and other properties of the grow-
ing film. 
The ICBD system schematically illustrated by Fig. 1 is 
housed in a vacuum bell jar whose base pressure was typical-
ly 5 X 10 7 Torr for all the thin-film growth runs. A typical 
experimental sequence for the growth of GaAs on Si is as 
follows. First turn on the As crucible and heat the substrate 
to the desired temperature. Then turn on the ionizer and 
supply an acceleration field to the ionized As beam so that, 
when the energetic beam hits the Si substrate, it can remove 
the native Si02 layer. The energy of the As beam and the 
time duration over which it is directed onto the substrate 
therefore control the substrate cleaning. While cleaning is 
being done start heating the Ga crucible. The next step is to 
start the film growth process by lowering the As beam accel-
eration voltage to a desired value and opening the shutter to 
the Ga crucible. The GaAs thin films grown on the Si sub-
strate using these procedures are shown and analyzed in the 
next section. 
III. RESULTS AND DISCUSSION 
GaAs thin films grown on a Si substrate under two differ-
ent conditions are presented. Figure 2(a) shows a scanning 
electron microscopy (SEM) picture taken ofa sample (sam-
ple A) prepared at an As crucible temperature of 300°C, a 
Ga crucible temperature of 920°C, an As ion acceleration 
voltage of 1 kV, and a substrate temperature of 550°C. The 
Si substrate used was an n-type Si(lOO). The nozzles that 
served as the exit end of the source crucible were I-mm 
diameter><2-mm length for both the As and Ga crucibles. 
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FIG. 1. Schematic of a dual-crucible feBD system employed for the growth 
of an epitaxial GaAs thin film on Si. 
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FIG. 2. SEM pictures of two GaAs IUrns on Si grown under different condi-
tions. The magnilication is lOkx. (a) Sample A: Prior to the growth, the Si 
substrate was heated to and kept at 900 "C for 15 min. (b) Sample B: Prior 
to the growth. the Si substrate was cleant>d for 1 h using a beam of As ions 
accelerated to 1.5 kV. 
However, the Ga beam was not ionized. The total growth 
time was 10 h and the average growth rate was 3800 A/h. 
Prior to the growth, the Si substrate was heated to and kept 
at 900°C for 15 min to facilitate removal of the native oxide 
layer. 
The SEM picture of Fig. 2(a) indicates that the grown 
film is fairly smooth; however, x-ray diffractometer mea-
surement (not presented) and a cross-section transmission 
electron microscopy (TEM) analysis [Fig. 3 (a) J indicate 
that although it is of a preferred (Ill) orientation, the 
grown film is not single crystalline. As can be seen from Fig. 
3 (a), there is still a thin layer of SiOz remaining on top of the 
Si substrate. This means that because of the less than desir-
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FIG. 3. TEM bright-field images ofGaAs on Si for the samples shown in Fig. 
2. (a) Sample A: An enlarged micrograph (lower left-hand inset) shows 
that inadequate cleaning (utilizing a high-temperature thermal desorption) 
leaves a SiO, layer about 30 A thick along the GaAs/Si interface. As a 
result. Ga!l.s deposited on becomes polycrystalline (upper right -hand in-
set). (b) Samp!.: B: After the SiO] layer is removed hy ionized As flux, 
single-crystalline epitaxial GaAs layer is deposited on Si substrates success-
fully. 
able vacuum condition (5 X 10- 7 Torr) of the growth 
chamber, the thermal desorption method routinely em-
ployed by crystal growers to successfully remove native ox-
ide in an UHV environment did not work in this case. As a 
result, GaAs was actually nucleated and grown on an amor-
phous substrate. Given the complete freedom in the nuclea-
tion orientation on an amorphous substrate, as most other 
cubic materials which are deposited on amorphous sub-
strates do, the obtained GaAs on Si exhibits a columnar 
growth shown in Fig. 3 (a) with a (111) preferred orienta-
tion. 
To remedy this drawback, an attempt to remove the native 
oxide layer at a low substrate temperature was made by us-
ing an As ion beam accelerated to 1.5 kV. The GaAs thin 
film shown in Fig. 2(b) (sample ll) was grown after the Si 
substrate was cleaned for 1 h using an accelerated As ion 
beam. During this cleaning, the As crucible temperature was 
maintained at 300°C and the substrate temperature at 
550 °C. The Ga crucible was operated without the nozzle 
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FIG. 4. X-ray diffraction data of sample B [Figs. 2(b) and 3(b) 1 indicating 
single-crystalline (IOO)GaAs !ayt'f grown on (lOO)Si. 
during thin-film growth since the Ga beam was not ionized 
and, consequently, the use of a nozzle did not seem to be 
beneficial. Other than these differences, the rest of the 
growth conditions and procedures remained the same as 
those adopted for the sample shown in Figs. 2ea) and 3(a). 
The measured growth rate was found to be identical for the 
two cases. 
As can be seen from Fig. 2 (b), the surface of sample B, 
albeit imperfect, is smoother than that of sample A [Fig. 
2(a)]. But more importantly, an x-ray analysis (Fig. 4) 
showed that the orientation of the grown film is (100)-
same as the substrate. Furthermore, a TEM analysis, as 
shown by Fig. 3 (b), indicates that the film is single crystal-
line and that the native oxide layer is no longer present. 
As for the verification of the existence of clusters which 
mayor may not have played an important role in the present 
work, a statement or two must be made to eliminate any 
misunderstanding. First of aU, a direct cluster measurement 
was not made in the present work simply because such an 
apparatus could not be implemented inside the vacuum bell 
jar that housed the dual-crucible system used for the present 
work; however, at least two indirect proofs can be offered by 
way of stating that it was very likely that because of the size 
of the nozzle and the vapor pressure used for the work, As 
clusters were present, along with the single atoms, during the 
growth. The first indirect proof is that using a 2000-amu 
quadrupole mass spectrometer a beam of Al produced with a 
nozzle of l-mm diameter and 2-mm length, same as the one 
used for the present work, was analyzed and the results 
showed that clusters as large as 10 atom were produced. 
Using the same-size nozzle Ni was deposited onto a copper-
coated graphite TEM target and the analysis showed that 
clusters ranging in size from 10 to 1000 A were produced in 
abundance. 
For a detailed study of the ICB technique, there is, there-
fore, a strong need for a specially designed UHV system, 
similar to a state-of-the-art MBE system, that provides for 
convenient production and detection of multiple ICB's, con-
trolled ionizations orICB's and determination of their ioni-
zation state, tuning of the ICB energy, and finally in situ 
characterization of growing films. This was not done in the 
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work of Takagi and, consequently, that work is highly debat-
ed in the film-growth community. Such an URV system fea-
turing multiple-source flanges, a reflection high-energy elec-
·tron diffraction (RHEED) diagnostic, a 4000-amu 
quadrupole mass spectrometer, a load lock, and other auxil-
iary components has been under construction in our labora-
tory at the University of Illinois and is nearing completion. 
Using this state-of-the-art system, we plan to do in situ stud-
ies of various important issues pertaining to film growth with 
ICB's; the size and energy distribution of clusters, the mech-
anism by which the clusters interact with energetic electrons 
during their ionization, and the thin-film growth process 
after a par"~iany ionized cluster beam has been delivered onto 
the substrate. 
IV. SUMMARY AND CONCLUDING REMARKS 
Preliminary results indicating the capability of the rCB 
technique to grow an epitaxial thin film of GaAs on Si have 
been presented. Of particular interest is the demonstration 
that the native oxide layer can be removed from Si at a low 
temperature (550°C) using a beam of accelerated As ions. 
Because of this unique capability, the Si substrate tempera-
ture was never raised above 550°C during the entire film-
growth sequence. The issue of whether As clusters played a 
role, if any, in the present work was not resolved because of 
lack of appropriate diagnostics, although in conjunction 
with both the Al and Ni work that was done using different 
systems, it was observed that clusters could be produced 
with a similar setup (data not included in this paper). A 
state-of-the-art ICB system that can possibly resolve this and 
other fundamental issues, thus facilitating more rudimen-
tary understanding of the ICB technique, has been fabri-
cated and is nearing completion. 
It is hoped that this new UHV system equipped with 
in situ diagnostics and convenient load lock will in time an-
swer various important fundamental issues pertaining to the 
ICB technique. These include determining 0) the underly-
ing physical processes of an energetic cluster impinging on a 
substrate, Oi) the relationship between the physical param-
eters of the ICB technique-cluster size, energy, ionization 
state, and substrate temperature-and the quality and na-
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ture of the film, (iii) the physical processes involved in pro-
ducing the ICB, and (iv) the capabilities and limitations of 
the ICB method. We will carry out this research by perform-
ing studies of the cluster beam characteristics and their rela-
tionships to film growth, detailed characterization of the 
films and film-substrate interfaces, and theoretical studies 
of the growth process. 
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